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SUMMARY 

Tht! objective of this study was to investigate the fate of toluene diisocyanate (TDI) in biological mauices due to its chemical 
reactivity. A number of variables were tested for tbeir etlect on the reaction ofTDI with biologicaJ materials. Rot•te of 
ad.m.in.istration (vapor vs liquid), pH, cnmposition of biological materials (gastric simulans, lw:;g lavage, pla~ma and pure 
proteins) were test variables. Modification of serum albumin by TDI correlat<.:s linearly with 'IDI concentration when added 
eiti1er as a liquid or a vapor. The very efficient reaction be:.tween TDI and protein over a \o\ride ra.1ge (I: 1 to 48: J) of 
TDi:Protcin ratios at pH 7.4 indicates that the reaction \vith protein competes successfully with ihe hydrolysis of TDI to the 
diarninc. In thr.: vapor phase the uptake of the TDI into the aqueous phase is independt:nt of the biological material i..1 ibc 
aqueous phase. Incorporation of'IDI into protein at pH 7.4 following vapor exposure is directly related t ) the concentration 
ofTDJ in the aqueous phase indicating a very effir.ient reaction. Lung lavage shows less specificity witl1 toluene diarnine 
being produced during the reaction. \Vhile TDI appears in the aqueous phase during vapor exposure at pH 2.3, there i~ no 
incorporation of the TDI into protein but rather hydrolysis to toluene diamine. Using aftinity chromatography, it was observed 
that there was a direct correlation between the degree o~ rno<.ii.fication and tlte extent to which the albL;min component is 
;ecognizcd by the affinity ligand used in tbe chromatography. This would indicate that TDI can be classified as an affmity 
label for the high a.ffmity ligand site on albumin thus accow1ting for the successful labeling in competition with tbe hydrolysis. 
The appearance of diarnine in the reaction tnixturc after modification of albmin at high isocyanate:protein ratios supports a 
saturation reaction endpoint. Several observations were possible from the SDS PAGE molecular weight analysis of the 
reaction mixtures. Increased modification caused a shift in electrophoretic mobility t-:J lower molecular weigbt following by 
appearance of high molecular weight species (dirucrs, trimers etc.). Reaction at lower pH did not alter U1e stmcture of 
molecules nor result in incorporation ofTDI into macromolecules. There is protein modification of all biological samples at 
pH 7.4 and oonc at pH 2.3. Vapor modification of proteins showed significantly different structural effects on proteins tr that 
~een by liquid modification. 

INTRODUCTION 

The objective of this study was to investigate the fate ofTDI in biological matrices due to its chemical reactivity. 

The chemistry and biochemistry of isocyanate con. JOtiilds have been reviewed (Brown, 1986; Brown and Kennedy, 1989). 
However, as yet, a systemntic investigation is not a' ailable on the quantitative, qualitative and kinetic aspects of tile reactivity 
of these compounds in biological matrices such as :Jqueous buffer solutions, protein model systems, blood, plasma, wine and 
stomach contents. A linUtcd study was perfonned to analyze tbe in vitro reactivity of the 2,6 isomer ofTDI ir1 1luids such as 
stomach contents and sera (Jeffcoat, 1985). 1:- both 11uids, the half-life of Ute 2,6 TDI was 2 minutes or less and the reactivity 
was dependent on the delivering solvent This data has been ex"tendeci through a systematic investigation of each of the 
individual isomers ofTDI and of the comrn.ercial80/20 2,4/2,6-TDI isomer mix1Ure. It is also importanl to address not only 
the loss of reactive isocyanate but also the fate of the reoctive compow1d. Detailed knowledge of the specificity and kinetics of 
tbe reactivity of these compow1ds w1der aqueous conditions will help to define fuc behavior of mr in nnirnaJ and man. 

To\ue.n<:. diisocynnate (1'DI) is n highly reactive compound th?.t bas been widely used in the production of polyurethane foams 

http:/1128.2.42.1 07/rpt80/ AN1AB80.htmJ 11/25/98 
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and coatings. Numerous studies have been performed with TDI both in vitro and in vivo to evaluate the effects associated 
with exposure. Due to the limited solubility ofTDl under aqueous, neutral pH ~onditions , many In l'!tro studies have included 
the usc of dimethylsulfoxide (DMSO) (Mapp et a!., 199 1) or acetone 1.Karol eta/., 1978) to provider, miscible delivery 
solvent. Several in vivo studies have also required the use of delivering agents such as com oil (Jeffcoat, 1985, Timcbalk er 
a!., 1993) or di-n-butyl ether (Rosenberg and Savolainen. 1985). In addition to solvent differences, several routes of animal 
rncxlcl exposure bavc also been examined for TDI willch include: oral (Jeffcoat, !985; Timchalk eta/., J 993), percutaneou 
(Rosenberg and Snvolod-ten, 1985), and inhalation routes (Kennedy eta/., 1989). One of the major ques.ions remains as to 
wh&i c!I~t if any, route of administration and solvent variations have on the experimentnl results obtci.ncd when the reactivity 
ofthe compound is involved. Of note is the catnlytic effec• DMSO ha'> on the hydrolysis ofisocyanates in water (Gahl.mnnn ct 
nl, I "· )). A striking dillerence in experiment~· I endpoints was observed, for example, in the o1.rcinogenicity testing for TDl. 
Fol\0\ving oral administration, tumor de\·elopnwnt wns observed (Dieter er al., 1990); however, a similar effect was nvt seen 
in the inhalation study (Loeser, 1983). This is just one instance where the chemical endpoint of TDI may be ituluenced by 
either the route of delivery or the solvent in whjch it is delivered and thus contributes to the experimental outcome. 

lsocyanatcs have the potential to react with amino, carboxyl, stilihydrvl. imidazole and hydroxyl functional wo•Jps, all of 
which are present on a variety of biological macromolccuks. A detailed revio!w of this chetrisL.-y h3s been !9ven (Brown et 
al., 1987). One of the principle reactions of interest, in tc?rms of health and environmental concerns, is the reac:.ion ufthe 
isocyanate with water. When TDI enters an aqueous cn·;ironme:tt such as the respiratory tract or buffered protein solution, it 
has the potential to react with the water to yield tolucnedirunine (IDA) and carbon dieoxide. TD/.., itsdf is a k!lowo 
carcinogen in rodents (NCI, 1979) \rhen administered by gavage ia corn oil As presented above, carci.aogenicity !'!sling \\~th 
TDT itsel.f, is not deftnitive and shows that tumor development was related to route of e;.:po<;ure. Timcbalk and co-workers 
(1993) have shown differr.nces in the amow1t ofTDA nnd its metabolic products in urine foJI,>wing TDI exposurl! by both 
oral or inhalation routes. 

Competing wilh the hydrolysi'j and sdf-polymerization reactions, the isocyanate may alternatively react with macromolecules 
present in the various environments. Biochemical studies of tissues and fluids f·om in vivo exposw·es to TDI hnve shown that 
conjugation reactions predominated, but t.hat the competing reactions were altered b~· ro•Jte of animal exposure (Kennc.dy, et 
a!., l993A). JcOcoat (1985) performed a !united study of the in virro reactivity of 14C 2,6-TDI in biolo;;i.cal materials whjch 
included seru:n and stomach. contents. In botl1 Ouids, thc rate of TDI loss was measured and found to b~ complete wilhin 2 
min. lllldcr the e:-;pi'rimcntal conditions studied. Analysis of reaction products was not included. 

The present study wns undertaken to chnracteri7.c further the reactivity of TDi in vitro oy analyzing not only rcnction proclncts 
but also the effect of method of administration on the end~oints of tbe reactions c:nble 1). This work provided dnto on the 
question of1UA fomu-1tion during and foiJO\\~ng TDl exposure. ~!1e overaU goal was to use this data to aid in the 
understanding of Ute underlying reactions and rates which may effect the endpoints observd in in vitro and in vivo srudies. 

Table 1. /n Vitm Matri" ofE>.peri.-ne;,ts 

Title Liquid Vapor Exposure 
Addition 

If est Solutions pH ·-7.-1 
Blood 

+ "1.8ppm 
.. 

7.4 + 0 .2, 1.8 ppm 
Plasma 

7..1 + 0.2, i 8ppm 
Lavage 

2.3 - 0.2, 0.5 ppm 
Gasu :c Sim.ulans 

7.4 I, 0.2, 0.5, 2.4 pprn 
Rat Serum Albumin 10,50 :I 

\ Guinea Pig S"um Albumin 

molnr 
ratio 

~ 7.4 1,10, -
25, 

htlp://128.2.42.1 07/rpt80/.A1\IfAB80.hlrnl 11125/98 
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I 100:1 
molar 
ratio 

Test Cooditions ~ 
I, 10, 0.2, 0.5, 1.8 pp.n 

Varieble concentratic o 25, so .. 
100:1 -

I 
molar 
ratio 

+ -
TDI in Acetone 

1-· 
Reaction Time 

+ -
30 Minutes 

- + 
I !{our 

+ -
24 Hours 

IBiochcmical Analysis 
Ccouicon (I) + + 

Molecular Sieve 
BioGel-P (2) + + 

Fractionation 
+ + 

RP-HPLCffiC (3) ·-
+ + 

Afllnity Chromatography 
+ + 

SDSPAGE (4) 

l. Filtration separation unit by Am.icon 

2. Gel filtration mauix matcJial by BioRad 

3. Reverse Phase-HPLCrrh.in Layer Chromatography 

4. SDS polyacrylamide gel electrophoresis 

MATERIALS AND TEST DESIGN 

C!rcmicals. The 2,4-TDI isomer and the 80/20 mixture of2,4- and 2,6-TDI was used with 14C in the benzene ring. The 
radiolabeled TDI was supplied by Sigma Chemical Company and New England Nuclear. Determination of the specific 
activity of each sample is given below. 

Quantitation of Rcnctivc lsocynnlltc Conccntratioo. To determine the concentration of reactive TDI in the stock 
solutions ofiDI, an aliquot of each TO! stock solution was spotted directly on a PNBPA impregnated glass fiber filter. 
The resulting PNBPA derivative was extracted from the filter with a one-milliliter aliquot ofHPLC grade acetonitrile and 
analyzed by HPLC according to the procedure of Schroeder and Moore ( 1985). HPLC analysis of the PNBPA derivativ~ 
yielded an average recovery of radioactivity from the HPLC column of 100.1 ± 2.8% (o=7) and a recovery of U1e 

combined 2,4/2,6 isomers ofTDI at 95.4 ± 1.5% (n"" ll ). For the Sigma 14C-TDI, the disllibution of isomers a: 
detennined by collection and liquid scintillation an11lysis of the respectiv<! isomers following their elution from the HPLC 
column yielded 85.0 ± 4.0% (n=26) 2,4- isomer while the New England Nuclear (NEN) 14C-TDI was found io be 100% 
2,4- isomer. 

Determination of !4C-TDI specific nctivity. To determine the specific activity of the reactive isocyanate in each TDI 
sample used, liquid scintillation analysis of the HPLC pw·U'ied PNBPA derivatives ofTDI was perfonned. For the ~igma 

http:/1128.2.42.1 07/rpt80/AMABRO.html 11125/98 
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14C-TDI sample the:: specific activity was determine::<! to be 23.7 ± 0.4 (c=6) mCi/mmole when data from the direct 
analys:s of ne:!l IDI and datll from lhe vapor generated TDI were combined. For the NEN 14C-TDI sample the specific 
activity was dctennincd by the manufacturer to be 12.5 mCi/mmole. 

Pn·par~tion of Blood and Pla,;ma. Two, Fisher 344 rats were anesthell.Zed with Beuthan<ll:ia and whole blood was 
collv;tcd via cardiac pvncturc into vacutainers containing sodium citrate anti-coagulant . The blood sample was dh·idcd 

• and 60% was separated into plasma and cell components. The samples of whole blood and plasma were stored ut 4°C 
until usei in the vapor and liquid titration P"Xperiments 

Preparation t>~ Lun~ Lavage. Trachcostorn)' was performed on the lw1gs of the two control ra<s and each lung was 
lovaged with 5 rnl of phosphate buffered saline (PDS), pH 7.4. '!'he lav~ge fluid from the two animals was combined and 
stor·-xi at 4°C. 

Preparation of Gastric Simulans. Dr. H.-D. Ho.ffmar.:t (BASF, Ludwigshafen, Germany) provided a formulation for 
Gastric Simulans. Its composition wns 2.0 gm NaCI, 3.2 gm pepsin, I .nL 12 N hydrochloric acid to a final volume of I 
liter with water. The measur~d pH of the fin a: solution was I .8. 

Rat and Guinea P ig Serum Albumin. Rat serum albumin (RSA) and guinea pig serum albumin (GPSA) were 
purchased from Sigma (grade Fraction V) and used without further puri.fir.ation. 

In Vitro Titration - Liquid Phase :E:tpo.9urc. All liquid-phase reactions were allowed to react for 30 minutes under the 
experimental conditions given below. 

Experiment # i : Liquid phase n:actions were performed in 24 \\.'ell tissue culture plates. I rnL oi each stock solution was 
placed in the appropriate well. After addition of a constant volume (20 !JL) of etther pure acetone or TDI acetone stock 
solution to each well, the samples were reacted for 30 minutes with agitation at room temperature. At the conclusion of 
the reaction, each sarnple was removed and transferred to a I .5 mL microfuge tube. Immediately, 25 ~was aliquoted to 
a scint.illntion vial containing 5 rnL of CytcscintTM (liquid scintillation counting cocktail), 25 pl. was. al:quoted to a glass 
scintillation vial and digested wi:n NCSTM tissue solubilizer (Amersham), SO ~L was applied directly to a PNBPA 
impregnated filter to derivatizc any remaining free TDI, 50 ~tL was added to a solution ofO.O I N HCilo lower the pH to 
2, and the remainder was frozen. 

Expel iment #2: Liquid phase reactions with RSA and GPSA were repeated at a concentration of I mg/mL protein with 
variable ratios of isocyanate to protein. Proteins were dissolved in PBS, pH 7 .4, and 1 rnL aliquots were dlstrihuted in 20 
mL, scrcwcap glass vials. Three dillcreot ratios of isocynnote to protein were tested and each experiment was performed 
in duplicate. At time zero, an aliquot of stock TDI in acetone was added and the sample was stirred for 30 minutes. A1 ilie 
tcnnination of the experiment, all samples were treated as described in Experiment # I. 

Modification at Variable Molar RaHo ofTDI:Protein. 

Experiment # l: Assuming an average protein concentration of I 00 mg/rnL for blood and plasma, I 0 mg/mL for lavage 
fluiJ and a measured concentration of I mg/mL for pure proteins, the initial c>.:periments were petformed at a molar ratio 
of I mole ofTDI added per mole of protein. To accomplish this, stock solutions were generated by first diluting 2.8<> IlL 
of neet 14C-TDI in 200 IlL of dry acetone (Steck A, 99 mM TDI). Subsequently, 20~ of Stock A was added to 180 IlL 
dry acetone (Stock B, 9.9 mM TDJ) and imally 10 flL of Stock B was added ~o 90 ~of dry acetone (Stock C, 0.99 mM 
TDI). 20 ~of Stock A was added to I mL of blood and plasma, 20 ~of Stock B was added to I rnL of lavage fluid and 
20 1tL of Stock C was added to l mL ofRSA soluti011 to achieve a I: I molar ratio in each case. A control for each test 
solution involved additio;; cf 20 ~tL of dry acetone to separate I rr.L aliquots of the respective test solutions. 

Experiment #2: In this cxperinlent, all serum albllll"'.m conccutrations were I mglmL. Separate stock solutions ofTDT 
were generated just prior to reaction. The concentration of the stock solutions was calculated such that no more than 40 
~of acetone would be present in any reaction mjxturc. To determine the speci.fic activity of each stock solution, I 0 ~tL 
of ~ach w~.s taken for scintill;:tion analysis, and 20~ was spotted directly on a PNBPA filter. Stock solutions werc.c! mode 
as follows: 4 1.tL neat l4C-TDI was added to 800 1LL HPJ.C grade, dry acetone (Stock D, 35mM TDl), lOO!J.L St.0ck D 
was added to 900 flL dry acetone (Stock E. 3.5 mM TDI). and I 00 ~StockE wns added to 900 )lL dry acetone (Stock 
F, 0.35 mM TDI). 

Analysis of acetone stocks for. reactive TDl. Each set of stock isocyanate solutions was made freshly for each 
cxpetimcnt. lmm.edintel y upon generation, an aliquot of each stock solution was ::Jddcd directly lo a PNBP A satW'oted 

htlp://128.2.42.1 07/rpt80/Nv1AB80.html 11125/98 
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glass fiber filter, reacted for 45 !T'.inutes, extracted with acetoojtriJe and analyzed by HPLC. 

Bxpt!rimcnt #1 : HPLC analysis of the stock solutjons A, R, and C showed that the distribution of isomers for these 
samples was 85.2% 2,4-TDI and 14.8% 2,6-TDI. C::ombining the liquid scintil111 tion data and the quantitation of J..L8 TDI 
present u'5ing an area integration from a standard curve, lht: specific activity was confumed to be 23.7 mCi/mmole . 

. Experiment #2: HPLC analysis of stock solutions D, and E showed that the TDI was 95 .2 ± 2.6% pure as assessed by 
reeo·.tery of material associated with the 2,4 and 2,6 isomers of TDI. The isomer distriblJtion wa<> found to be 84.1 ± 0.3 
% 2,4- IDI by integration of tlte separated PNBPA derivatives on HPLC. 

In Vliro Titration- Vapor Phase Exposure Protocol One milliliter of each test sample for vapor exposure was 
aliquotcd in quadruplicate into 24 well tissue culture plates O:alcon) . The Ouid filled plate was placed into a 
pre-equilibrated glass plethysmograph exposw·e chamber. All vapor exposures were petforrne(t in a dynamic system as 
diagrammlXi in figure l. The atmosphere was pulled across the plate at a flow rate of I 0 liters/rrtinute. The vapor was 
introduced into tbc central cha..-nber via an impinger tlta• was regulated by an inline flowm~ter at rates ranging from 0.4 to 
5 liters!rninuto., depending on the target concentration. Following one-hour exposure in every experiment, the cha..-nber 
wac; exhausccd at a rate of 50 li~ers/rnmute for 5 minutes. The plate was removed and the sarnpl~s were transferred tc 1.5 
mL microfuge tubes and stored at -60°C. Prior to freezing, samples were removed for analysis. 

figure J. Schematic of vapor exposure apparatus. 

RESULTS. 

Aunospheric Monitoring During Vapor Exposure. Throughout the exposure, atmospheric samples were collected 
directly from the chamber either nnto PNBPA-coated glass fiber filters or into an irnpi.nger, containing Man.:a!i trapping 
solution (MnrcoJi, 1957), at on airflow rate of 2 liters/minute. Quantitalion of atmospheric TDI concentration was 
performed by Marcali assay (Marcali, 1957) as modified by l'BOSH (I 97f: ~ and by HPLC analysis of the PNBPA filter 
exiract as previously described (Kennedy eta/, 1989). Both assay fluids were counted ru1d the radioacti-vity was used a.; 
an additional means to measure the concentration. Table IT swnmarizes the final concentrations for each of the vapor 
exposure experiments perfonned. 

----------------------------------------~---------------------------------~----------

Table II. D~termination of 14C-TDI Concentration during Vapor Exposure 

Concentration (ppm) 
Method n Concentration (ppm) 

(mean±SD) Average 
(mean±SD) 

http:/1128.2.42.1 07/rpt80/AMAB80.htm.l ll/25/98 
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E~-o # l (~.4 TDI) 
PN11PA Specific Activity 2 0.36 
PNBPA HPLC Assav 2 o.:d 0.2 1 ± 0. 13 
Marcali Specific Activity 2 0. 11 
Marcali Assay 2 0.08 
Exp #2 (2.4/2,6 TDJ) ·- r-
PNBPA Specific Activity 8 1.69 ±0.55 
PNBPA HPLC Assay 8 1.80:.1:0.79 79 ± 0. 19 
Marcali Specific Activily 4 1.60:.1:0.36 
Marcali Assay 4 2.05:.1:0.39 
E>.'P #3 (2,4 TDI) 
PNBPA Specific Activity 2 0.68 
PNBPA HPLC Ass&.y 2 0.52 0.55 ± 0.1 
Marcali Specific Activity 2 0.55 
Marcali Assay 2 0.44 

Characterization of Reaction Products: 

Post-Reac tion Dcriva tization ofPNBPA. Aliquots of each vapor and liquid modification were spotted t.llrectly onto 
PNBPA saturated glass fiber fillers. Ex'tracts of the fi lters were tes1ed by HPLC. In all cases the results were neg11tive for 
the presence of any reactive fr<.;e TDI as determined by lhe absence of a PNBPA derivative following the reaction 
protocols. 

Post-Reaction r '()nch w"b HCI. AJiquots of each vapor and liquid modification were alixed with equal volumes of 
conccntiated hy1... 'Uoric acid to lower the pH and thus prevent the reversal of c.ny sul1hydryl group modification that 
may have occured. Ti1ese samples were saved for future analy!>is if deemed necessary. 

Po.,t-rcaction Analysis for l<adioactivity. After each reaction an aliquot of the reaction mixture was added directly to a 
scintillation vial. Five milliliters of counting cocktail (Cytoscint ES) was added, the sam pies mixL ' and subjected to 
liquid scintillation analysis on a Beckman Scintillation Counter. 

Results of dctennination of total radioactivity in each sample are given in Tables m and IV. The cpm's measured for each 
sample were converted to nanomolcs/mL using the measured speciftc activity for the isocyanates used in each case and a 
counting efficiency of85% measured for the specific scintil!ation counter used. 

·------------·--- -------·-·· .. --·--··---

Table ID. Analysis of Liquid Reaction Mixtures 

I 
Sample I r)rotein Molar Ratio Mean 
Nw c 

Sample Cone. fl nanomoles/mL 
(mg/rnL) TDi/Protein 

LB2 Blood 100 1:1 l 1985 
LP2 Plasma 100 I: 1 2 2753 

LRI4 RSA 1 1•1 4 17.6±0.5 
LR16 H. SA I 10: 1 4 156.1 ± 11.7 
LR18 RSA I 50:1 4 710.8 ± 76.7 
LR2 1 RSA I 25 .1 2 435.5 
LGl GPSA 1 I: I 2 14.10 

~2 GPSA I 25:1 2 449.0 I 

LG4 GPSA I 1:1 2 18.10 
LG5 GPSA 1 10:1 

.., 
"' 164.5 

LG6 GPSA I \00: 1 2 796.5 
LL Lavap..e 10 I: 1 4 37.91 :.1: 3.8 

l. Assumed concentiation with overage protein molecular weight = 50 kDa. 

hllp://128.2.42.107/rpt80/AMAB80.h1Inl 11/25/98 
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2. Assumed concentration with avr!rage protein molecular weighl = 50 kDa. 

Table IV. Analysis of Vapor Reaction Mixtures 

I Sample 
Protein 

TDI cone. Mean Sl:ll11pl Cone. 
(ppm) 

pH n nanorr.oles/:nL Code 
(mg/mL) 

VB Blood \00 1.79 7.4 2 4.20 
VP Plasma 100 1.79 7.4 8 36.3 ± 1. i 
VR RSA 1 1.79 7.4 8 37.2 ± 3.4 
VL Lavage 1 1.79 7.4 8 37.0 ± 3.6 
VR RSA I 0.55 7.4 4 7.71 ± 0.9 
VR RSA I 0.55 2.3 4 8.35 ±0.04 

VGS 
Gastric 

I 0.55 7.4 4 7. 11 ±0.08 
Si.mulans 

VP Plasma 1 0.21 7.4 4 3.78 ± 0.33 
VL Lavage I 0.2 1 7.4 8 3.75 ± 0.3 1 

VGS 
Gastric 

I 0 .21 7.4 4 -l.61 ±0.25 
Simulans 

VR RSA l 0.2: 7.4 4 5.27 ± 0.17 
VR RSA I 0.21 ;:.3 4 7.40±0.80 

B:.1chemical A · lysis of End Products: 

Ccntt·icon filtration. Ccntricon I 0 (Anlicon) is a membrane fiite:1 sy.,,em for separation of high(> 10 kDr..J and low (<I 0 
kDa) molecular weight molecules. They \.\'ere used to separate the reaction products into conjugates of greater than 
IOkDa from the isocyanate hydrolysis product (diamines) and any other low molecular species resulting from the 
modifications. The result.; of each experiment are expressed as Ll,e percentage of the total radioactivity v:ith a molecular 
weight greater than or less than 10 k.Da. 1 able V IS a compilation of molecular sieve separaiion data for the samples 
treated by tht:: vapor cxv-:-:;:.:re protocol. 

Table Y. Cenlricon fractionation of reaction products resulting from vapor exposure. 

Sample Name Sample pJi %> \OkDa 
VP plasma 1.4 99.9 
VL lavage 7.4 71.6 
VR RSA 2.3 8. 1 
VR RSA 7.4 99.8 --

BioGcl P2 column chromatography. BieGeL P2 is a gel filtration c0!wnn malrix that separates molecules on lhe basis 
of molecular we:ght. Using standard unlabeled !:crum albumin, it is possible to calibrate this column and thus detennine 
tht! fraction of the radioactive label from the conjugation exper menls thnt was associated with the protein .fraction. The 
results are tabulated as the percentage of the total recovered radioactivity that was associated with the radioacti,·:ty. 
Sample chromatographic profiles are provided in Figure 2, a mixture oflabelcd serum albumin and KCI. These profiles 
represent the separation of thc produclS in the reaction of guinea pig serum albumin (GPSA) with 14C-TDI. The 
modification is the result of adding an aliquot of a TDI/&cetone sloe!( solutiorllo a I mg/mL solution of GPSA, pH 7.4, at 
a molar ratio of25: l (IDI:Protcin). Integration of the peaks yields the fraction of material that is greater than 10 kDa 
Wider non-dcnalUring conditions \figure 2, peak A) and the fraction that is less than 10 kD~ \7:gure 2, peak C). Table VI 
is a compilation of the results of the BieGel P2 :mnlysis of samples from both the liquid and vapor phase exposure of 
biological fluios and proteins to 1Dl. 

http://J 28.2.42.1 07 /rpt80/AMAB80.htmJ I J/25/98 
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Figure 2. Representative profiles shuwing lbe molecular sieve separation oflabeled macromolecules (A) from salt (B) 
and TDA (C) using BioGcl P2 Chromatography. Integration of the peaks yields the fraction of labeled material that is 
greater tha.I1 l 0 k.Da under native, non-denaturing conditions and the fraction of labeled material that is less than 10 k.Da. 
rhese profiles represent the separation oftl1e products of the reaction of GPSA with TDI. The TDI was added frow an 
acetone stock solulion at a molar ratio of25 :1 (TDI:Protein). 

Table VI. BioGel P2 Separation of Reaction Products. 

%of 

Sample 
Exposure Molar Ratio 

Sample Nam.: 
Recovered 14C 

Condition TD I/Protein ( I ) in Peak A 
(Figure 2) 

RSA liquid 1.20 LRl 9 1 
RSA vapor 2.53 VRJ 97 

GPSA liquid 0.96 LG I 96 
GPSA liquid 30.53 LG2 92 
Plasma liquid 1.38 LP2 95 

I. Molar ratio ofTDI to protein tn the reaction mixture bef0re separation. 

Reverse-Phase HJ>LC and/or TLC. Thin layer chromatography (TLC) was perfom1ed on samp1es from the reaclic 1s lo 
determine whether low molecular weight components were generated during the reactions ofTDI with the biological 
macromolecules and fluids. Unlnb<.!lcd TDA was used as a reference compoW1d and identified by reaction wi th 
fluorescamine following development of uJe TLC plate. ln all cases the developing solvent was butanoVacelic acid/water 
(20/80/20). Identification of the products resolved on the TLC plates was accomplished by fluorescarrme (Sigma) 
derivatization and observation of the reacted plate under UV light and by autoradiography oftl1e resulting TLC plate with 
Kodak X-Omat film. Table VII contains a list of the samples analyzed by TLC and the results of the presene<.; or absence 
of a TDA co-migrating species in each of the reaction mixtures. 

bttp://128.2.42.1 07/rpt80/Alvf.A.B80.html 11/25/98 
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Table ~'II. TLC Analysis of Reaction Products. 

Sample Name pH 
TDI cone. 

Sa.-nple TDA (ppm) 
VRS 7.t. 0.2 RSA -
VR6 7.4 0.2 RSA -
VR13 7.4 05 RSA -
VR14 7.4 0.5 RSA -
VR2 7.4 2.4 RSA -
~iR9 2.3 0.2 RSA + 
VRIO 2.3 0.2 RSA. + 
''R!7 2.3 0.5 RSA + 

I-VR18 2.3 0.5 RSA + 
VL2 7.4 2.4 Lavage + 
VL5 7.4 0.2 Lavage + -VP2 74 2.4 Plasma -
VP4 7.4 0.2 Plasma -
VGS l 2.3 0.2 Gastric Simulans + 
VGSS 12.3 0.5 Gastric Simulans + 

SDS PAGE with Autoradiography. SDS polyacrylamide gel electrophoresis (SO.:> P L\.GE) was performed on tbe 
products of the reactions of the biolugical iluids and proteins with TD!. In this case the separation is based on si2.c and is 
performed on a denatured fonn of the protein. Coupled v:ilh autoradiography this !t:chnique supports the obserwt.ion of 
covalent association of the l4C-labeled TDT with the protein r.nd it also demonstr:~tes intra- and inter-molecc:a: 
structural changes as a resul~ of covaient modification by TDJ. The following figures (3-61 show groupings C'f samples on 
each gel that demonstrate separate e!Iects ofTDI oa proteins and biological fluids. 

Vapor exposure - Effect of position on plate. During the vapor ph;:ose exposures samples were placed in tissue ... ..1!ture 
plates and and exposed to a dynamic vapor passing over the plate in a chamber. Samples from each weU were analyzed 
by SDS PAGE to determine wl1ethe1· unifonn reactions look place across the plat•!. TI1~ results show ro positional effect 
on the modification of the RSA. 

Vapor Exposure: Effect of pH and Composition. SDS PAGE analysis V''as pertorrnca to determine the effect of pH 
and coml:)osition of different b!ologieal fluids on the vapor-pha~~ reaction witJ1 TDI. Figure 3A sh(...,vS tbe SDS-PAGE 
electropherograrn of the separation of molecules in the vruious biological fiuids based on molecular weight. Figure 3B is 
the corresponding autoradiogram of the ~DS-PAGE gel. The autoradiogram shows that RSA is heavily modified at pH 
7.4 (lane l ) and negligibly modified at pH 2.3 (lane 2). Plasma shows modification of a limited nw .. uer ofpr;:,teiJlS (lane 
5) and lavage fluid shows sig11.ificant labeling of a protein migrating at a molecular weight ccrre.sponding to serum 
albumin (lane 6). A similar analysis shows that gastric smm!an.c; at pH 2.3 results in no modification of j}c protein fraction 
(Figure 4). The results of the SDS-t'AGE analysis ofRSA at pH 2.3 are consistant with the mole~ular sieve (Cenlricon) 
results given in Table V. 

http:l/ 128.2.42. 1 071rpt80/AMAB80.htrnl l l/25i98 
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Figure 3. SDS-PAGE analysis of biological materinl~ modified by 0 21 ppm vapor-phase exposure to 14C-TDI. (A) 
Coomassie Blue stained SDS-PAGE gel; (B) Autoradiogram corresponding to gel in (A). Samples n:1alp .eJ nrc; Jane I: 
RSA modified at pH 7.4; lane 2: RSA modified at pH 2.3, lane 3: urunodilied RSA, lane 4: molecular weight standards ( 
alp.1a-macroglobulin, 190K; beta-galactosidnsc, 125K; lhtctose-6-phosphate kmase, 88K; pyruvate kinase, 65K; 
fumarase, 56K; lactate dehydrogenase, 38K; ltioscphosphatc isom~rase, 33K ), lane 5: Plasma modified at pH 7.4. I:IIld 
I nne 6. lavage fluid modified at pH 7 .4. 

Vapor E.tposurc: Eficct of Vapor Cooccntr:\tion. SDS PAGE analysis wns perfonned for direct comparison of 
conjugate products generated at di1Iercn1 vapor concentrations ot"TDJ. F1gurc 4 shows that thc:e is n direct com~lalion 
between the concentration of the vapor during exposure and the extent of modification as measured by ·~~ inteusitj' of the 
bands in the autoradiograrn (Figure 48) of the SDS-PAGE gel. 
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Figure 4. SDS-PAGE analysis of biological materials mod:fied at diftcrcnt vapor concentrations of 14C· TDI. (A) 
Coomassie Blue stained SDS-PAGE gel; (B) Autoradiogram corresponding to gel in (A). Samples analyzed are; lanes l 
and 2: Lung lovage modified at 0.21 and 1.8 ppm respectively; lanes 3, 11 nnd 5: RSA modified nt 0.55, 0.21 aud 1.8 
ppm, respectively; lane 6: molecular weight standards (same as figure 3); lanes 7 and S: Gastric simulans modified at 
0.21 and 0.55 ppm, tespcctively; lanes 9 and 10: Plasma modifit'.d at 0.1 1 and 1.8 ppm, respectively. 

Liquid Expo!!urc: Effect of Concentration. SDS PAGE analysis (Figure S) of the products of tl1e reuclion of f1.SA at 
dillcrcnl ratios ofTDI to protein tmdcr liquid administration conditions. The s~paration shows tha! as the ratio of 
ID!:Protcin increases, the apparent molecular weight of the RSA decreases and new bands corresponding to dimeric 
RSA begin to appear. These observations arc consistent with increasing intramolecular crosslinking with increasmg TDl 
concentration as well as increasing intermolecular crosslinking of the RSA moh:cu1es The corresponding autoradiogram 
(Figure SB) supparts the increased incorporation of the labelled TDI \Vith increasing TDI:Prolein ratio. 

http:l/128.2.42.1 07/rpt80 AMAB80.htrnl ll/25/98 
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Figure 5. SDS-PAOE analysis of RSA modified at increasing ratios of 14C-TDl:Protein. (A) Coomassie Blue stained 
SDS-PAOE gel; (B) Autoradiogram corresponding to gel in (A). Samples analyzed are; lane I . RS~ lane 2: RSA 
modified at a molar ratio of 0: 1 (TD I :Protein); I nne 3: RSA modified at a molar ratio of 1 : 1 (TDl:Protein); lane 4: RSA 
modified at a molar ratio of lO: l (TDI:Protcin); lane 5: RSA modified at a molar ratio of 50: 1 (TDI:Protein); Jane 6. 
Molecular weight standards (Same as Figure 3). 

Affinity chromatogra phy of Reaction P roducts. To determine whether modification of serum albumin bad an cficcl on 
its structure and function, modified albumins were applied to a Blue Agarose affinity colwnn lbat specifically binds 
non-dcnatw·cd serum albumin. The percentage of modified albwnin lhtlt docs not bind to the colunm is an index of the 
alteration of the albumin structure due to TO[ moclitication. Table Vllllists the samples which were subjected to Blue 
Agarose affinity chromatography and the percentage of albwnin which did not bmd to the column for each sample tested. 
Figure 6 gives a reprcsentativl! chromatogram for the elution of RSA that has been modifted by vapor exposure to 0.2 
ppm TDl lor one bour. 

TablcVID. Analysis of Blue Agarose Affinity Chromatography 

hllp://128.2.42.1 07/rptSO/ AMAB80.htm1 11/25/98 
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i'1olcr Ratio 
%of>l0k.Da 

Mode of 
%of 14C Fraction not 

Sample Name pH 
Addition TDI Addoo/ Associated BOlmd to Blue 

Protein ·with > I Ok.Da Agarose(peak A, 
Figure 71 

l'SA control 7.4 liqu!L_ ' - - 9.8a 
Plasma VP4 7.4 vapor 0.0019 99 41.8 
RSA VRl 7.4 vapor 2.53 97 96.9 
RSA VRS 7.4 vapor 0.36 99 49.9 
RSA VR9 2.3 vapor 0.50 8.1 12.7 
Lavage VL5 7.4 vap.:>r 0.019 71.6 79.2 
GPSA LGI 7.4 liquid 0.96 91 ·,6.4 
GPSA LG2 7.4 liquid 30.5 91 99.0 

a. Measured value based on rbsorbance at 280 nm ofboLmd and not-bound albwnin. 
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Figllrc 6. Representative proftle from Blue Agarosl! affinity chromatography ofRSA modified by TDl vapor at a 
concentration of0.2 ppm for one hour. The first peak (A) represents w1bolU1d modified protein while the second peak (B) 
represents albumin !.ike material that retains its affmity for the albumin affinity colwnn. The sample was first processed 
through molecular sieve analysis to remove any low molecular weight (<I OkDa) labeled materials. The conductivity 
curve(----) shows where the buffer was_changed to release :urmity bo~d albumin. 

Summary of Uptake and Incorporation. 

Liquid modification. Modification ofRSA by TDr correlates linearly with the concentration of TDI ndded to the 
reaction mixture. The slope oftl1e correlation (0.906) indicates a very efficient reaction between protein (RSA) and TDl 
over a wide range ufTDI:protein ratios. Thus the reaction ofTDI witb protein competes successfully with the hydrolysis 
of t11e dtisocyanatc to t11e diamine over the range of concentrations tested. 

hup://128.2.42.1 07/rpt80/AMAB80.html 11/25/98 
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Figure 7. Con-elation between the molar ratio -ofTDI added/Protein and TDI incorporated/Protein. Determination ofTDI 
bound was mode after molecular sieve fractionation of the reaction products generated by liquid phase reaction of pure 
RSA at pH 7.4. T!J.e regression analysis of the ccirelation data yielded the equation y=0.231 + 0.906x (r2=0.999). 

Vapor modification. Uptake oftbe 14C-hibel into the aqueous phase from the vapor phase during vapor exposure is 
linear with exposure conct:ntrotion and independent of biological fluid tested (Figure 8 and Figure 9). 
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FigureS. Uptake of 14C-TDX (TDI + TDA) into pH 7.4 aqueous phase as a function of the vapor phase exposure 
concentration. Pure prot:::in (rot serum albumin, filled uiangles) and biological fluids (g&snic simulans, open squares; 
lung lav:tge, filled squares) were exposed to vapor phase TDI. Concenu·atioo ofTDX (TDI + TDA + TDI conjugates) in 
aqueous r hasc following vapor exposure was determined by liquid scintiUation analysis. The line represents a linear 
r~grcssion analysis of the: data. 

Bnsed on the molcculru· sieve fractionation data, the moles of TDI incorporated into pure RSA is calculated and fmmd to 
be linearly related to the e>q)osurc concentration (Figure 9). The relationship bet\veen lhe moles ofTDI taken up in the 

t 1 /') ~/01< 
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aqueous phase with the moles ofTDI incorporated into protein is given in TableD{. The effect of vapor modification on 
pure 'llburnin is demonstrated hy the loss of the mar'! highly modified protein's ability to be recognized by an albumin 
a:fftn.ity column (Blue Agarose). 

3 r-----------------------------~ 

0~- ~----~------~------~------~ 

0 2 

Exposure Concentration (ppnthr) 

Figure 9. Incorporation of : 4C into protein as a function of exposure concentration in the vapor phase. 

Table IX. Summary of incorporation of l4C-TDI into pure RSA 

!ar ibtio Mo 

DI:Protein . . T'Jtal T Exposure Cone 
1

. 
eous phase 

~ 1 ~ 
(ppm) 11 aqu 

58 ± 0.0 i -67 :h.l.l 9 

1---"!'~-- ~ ~ · ·-
..__..;.0;.;.;.2..:..1 --+-~~-' 
'----~""".7~.--2 L 

Molar Ratio 

TDI incorporated:Protein 
Fraction of Protein 
retaining albumin (2) structure (3) 

0.358 ± 0.01 0 .437 
2.199±0.18 0.027 

l r:~~,..d , r 1 ~·C -TDI uptake in aqueous phase following one-hom· vapor exposure. 
2. Gasea t-l ...,-.ntricon filtration of protein following vapor exposure in aqueous phase. 
3. Based on Blue Agarose aifmity binding of native serum albttnli.n 

----------------------------------L--
Figure I 0 summarizes the combined results showing the separation of high molecular \Veight conjugates(> I 0 k.Da) 
(fiUcd section of bars) fanned during the reactions and the fraction of low molecular weight species (<I 0 k.Da) (hatched 
portiot1 of bars) remaining after reaction of eacl1 component Wlder the different conditions. Jn summary, at low pH there 
was no sig<lific<ml labcli.ng of protein components by TD1, there were differences in tl1e incorporation of label between 
dillercnl biological components at comparable exposure concentrations, and then~ did oot appear to be any di.fterences in 
incorporation resulting from varying the concentrations ofTDI in the reaction. 
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Pbs rna RSA RSA 0.23 : 1 2 .3 : 1 2.4:1 

pH 7 .4 pH 2.3 
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Figure 10. Summary of molecular sieve fractionation cinta showing effect of reaction composition (lavage, pl.asma, RSA), 
pH (7 .4 nnd 2.3). concentration (0.23: I and 2.3 : I molar ratio (TD!:Protein)) and mode ofaddition (vapor and liquid). 
The filled portion of each bur represents fuc percent of the reaction mixture that was greateJ· than 10 kDa. The hatched 
portion of each bc.r is the fraction that is Jess than 10 kDa. 

Summary of Structural Alterations. 

Affiuity Chromatography. Blue Ag2.rose a.ffmity chromatography was used to assess the loss of albunun binding 
function as a function of the Cll.1ent of modification. 1t was observed that there was a direct correlation between the degree 
of modification, moles of 14C label incorporntcu per mole of protein, Jnd the extent to which the ai0umin component is 
recognized by the affinity ligand Reactive Blue 4. This would indicate fuat a high affinity site for the TDI is in the binding 
site for the Reactive Blue 4 ligand on serum alburnin. Thus TDI could be classified ns an affmity label for serum albumin 
which could contribute to the high degree of reactivity of TOT with biological fluids and successful c:>mpetilion witi1 
hydrolysis ns noted by the lov..'levcls oflow molecular weight species(< 10 kDa) in the reaction mixture following eiti1er 
vapor or liquid reactions. The concentration data given in Figure 10 •vould suggest however, that tl1ere is a saturation 
level a hove which low molecular weight components begin to appear in the reaction mixture. 

SDS PAGE Annlysi~. Severul observations can be made from the SDS PAGE analysis of the reaction mix1ures. Thi> 
teclmiquc measures fue degree to which intra- and inter-molecular reactions take place with each oflhe component 
mixtures and cnch of the reaction modes. These swnmary observations include: 

o lncreased ruodiJication caused a shift in electrophoretjc mobility to lower molecular weight followed by appearance of 
high molecular weight (dimcr, trimer etc) protein species at high concentrations ofTDI. 

o Reaction at lo ... ver pH (pl !2.3, gastric simulans) did not alter the structure of molecules nor result in incorporation of 
TDI into macrorr.oleculcs. 

o There was protein modification of all biological samples at pH 7.4 and none at pH 2.3. 

o Vapor modification of proteins showed sig:rificnnt structural eil'ects on proteins to that seen by liquid modifi~ation. 

hHp://128.2.42.1 07 /rpt80/ AMAB80.html ll/25/98 
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DISCUSSION 
The effect of the method of administration has often been not addressed in the design and evaluation of toxicolo~:,rical 
studies with chernically reactive compounds. In addition to the usual metabolic pathway reactions, the test material might 

. also react with the dosing vehicle or any liquid or solid component in the test system (in vivo: at tissue surfaces; in vitro: 
with cells, buficr systems etc.). Differences in results or even in the toxicity profile might be the consequence. 
lsocyanates ure one group of highly reactive compounds that have been the focus of numerous in vitro and in vivo studies. 
A !ugh degree of reactivity in aqueous systems and with many functional groups of biological macromolecules has been 
demonstraood (Browner a/., 1987; Gahlman er al., 1993). The question also arises as to whether the method of 
isocyanate administration alters its reactivity and fate. Di!Jerences in bioavailability and metabolism ofTDI given to rats 
orally or via inhalation have been Cemonstrated (Timchalk, er al., 1994). Equivocal data on mutagenicity and difficulties 
in interpretation of irnmunotoxicity results may also be attributable to variable reactions. Differential carcinogenicity data 
has also been reported for this compound which may be correlated to exposure route (Dieter, 1990; Loeser, 1983). While 
other methods of in vivo dosing are more easily quantifiable, the inhalation route has been documented as the 
predominant route of workplace c:Kposure (Rampy, eta!., 1983). With TDI, or any other rea-:tive -compound, it is 
reasonable to assume that endpoint analysis may be affected by exposure method, and therefore methods that most closely 
paraUel workplace e:--11osure would be optimal. 

Based on the high degree of isocyanate reactivity in TDI, it has been hypothesized that upon de!;very to aqueous 
envi.rorun~nts such as the amvay, GI tract or buffered protein solutions, hydrolysis and/or conjugation reactions rnay take 
plr.cc with biological macromolecules. The present study was initiated to investigate the effect of ad.m.in.istratio.n method 
in vitro at the biochemical level and thereby evaluate possible differences in reactivity and fate. The use of djnamic vap~r 
exposure of in vitro test samples was tested as a reaction system which more closely paralbl inhalation reaction 
conditions. Comparison of this vapor exposure system with the widely used organic solvenVwater liquid delivery method 
was also performed. 

Vapor exposures of purified protein solutions and biological fluids were performed with 14C-labeled TDI at average 
vapor concentrations of0.21, 0 .55 and 1.8 ppm (Table ll). To parallel these studies, liquid mixing experiments with 
14C-TDI acetone solutions were also conducted. The benefit of using the labeled compound is the ability to quantitate 
uptake into the test samples as well as to characterize the end-products at a high degree of sensitivi '"•. For both methods, 
the state and concentration of the TDI was assayed to assure the integrity of the stru·ting material. 

Following vapor exposure or liquid mixing, the l4C content of each san1ple was analyzed. For the vapor samples, the 
results shown in Table IV illustrate that a unifom1 absorption of the TDI vapor across the air/water interface occurred. 
The variations in total 14C uptake may be due to solubility differences in. lavage and low pH samples as well as a 
reflection of partition coefficient dilTerences. Positional differences were not observed either across th<:: plates nor within 
rows, vetifying that the vapor exposure of each test system was comparable and any differences are not due to exposure 
variation. 

Biochemical characterization of the vapor-modified samples by several methods was performed to define further the form 
of the radioactive material in the reaction mixtures. Thin layer chromatography showed that a number of radioactive 
components were present in the vapor and liquid samples. Molecular sieve fractionation separated the components into 
high(> 10 kDn) and low (<10 kDa) molecular weight fractions. The rationale for the experiment was that if the TDI was 
hydrolyzed to the free amine (TDA) or reacted with a low molecular weight peptide or protein, the radiouctivity would be 
recovered in the filtrate (<IOkDa) fraction. If, however, reaction \\~th biological macromolecules greater than 10 kDa 
took place, then the radioacti'vity would be recovered in the retentate (> I OkDa) fraction. Using this method, the eflects of 
sample composition and environment on biochernical reactivity were quantitatively determined (Table V). The data 
demonstrates that for both plasma ar,d RSA samples at pH 7 .4, greater than 99% of the sample radioactivity was 
associated wiU1 the retentate fractions following vapor exposure. However, a decrease in the percentage of radioactivity 
in the rctentatc fractions was found for the lavage and to an even greater extent for the RSA samples at pH 2.3. 

The Effect of Sample Composition on TDI Rcacth'ity. Considerable differences were observed in reaction products in 
plasma or p rotein solutions as compared to the lavage samples (Table V). The fact that a significant fraction (29%) of the 
reaction mixture was iow rnole~ular weight products and that a major component of that fraction was a TDA 
co-migrating, radioactive component suggests U1at the potential for the hyd,·olysis reaction to occur in the airways was 
present. However, isolated lavage fluid do~s not accurately represent the reaction environment that is actLially present in 
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the airway. Tho: !~vage fhiJ contained a variety of differl \ ce;·· pO}~u!atiom:, s. !T~h.t:'.Dt comr0neots and enzymes active 
in xenobiotic meteboli!>m (Henderson, et al., 19::'0). The protein concentracion lli a buffered l"=."age solution was lower. 
The lipid content wus also diluted by the buffer and th~ non-vxtre:)table ~~ ,vay cells aud their components were absent 
from the '11odcl sy.c;tem. Because the conjugation reaction is bimolecular and v.ras competing with t.r.· ' "('rvlv<:~" reaction, 
the concentration of each component is important. In addition, the choice of reaction path ( co~iugation vs h\ ·i.rolys.; 3) 
wouid be dependent on the solubility of the reagent and reactant in the solvent state. The presence of sw1"ilctunt lipic!:; in 

· ,avage drrunaticaily alters the environ!!lent cf the reaction conditions compared to plasma or aqueous pure protein 
solutions. The effect that each of these factors bas on lbP. reaction ofTDI in the airway was not detennined. Inhalation 
exposure studies in guinea pigs using 14C-Iabeled isocyanates have shown by tissue autoradiography that reaction \\~th 
tissue-associated ainvay proteins does occur (Kennedy, 1990; Ketmedy eta/., 1993). There may also be thresholds of 
concentration where certain target molecules and reaction pathways be;ome saturated and others activated. The eflect of 
concentration on TDI in vitro reactivity has been shown in this study where at the higher vapor concentration, the 
intensity of labeling increase!i but the selectivity decreases as indicated by the inr.reased number of &dditicnal, labeled 
bands in the SDS-PAGE (Figure 4). 

The Effect of pH on TDI Reactivity. A more dramatic decrease in the level of conjugated products was observed as an 
effect of low pH. At pH 2.3, Llte percentage of high molecular weight radioactive material in the RSA samples 
represented only 8% of the total composition. This decrease in conjugation at low pH may be due to the protonation of 
the potential reactiou sites on the functional groups of the protein, making them unavailable for reaction with TDI. 
Altered rates of hydrolysis may also be contributing to lbe decrease. In any case, the decreased level of coni'' ate 
formation at low pH may have significant impact on the fate of the compoW1d in vivo. Timchalk, eta/., ( 1 S , hav-! 
shown that when TDI is delivered by the oral route, the metabolic profile is sinlllar to that ofTDA metabolism and that 
the distrib11t;.on and fate of the radiolabel is different from results obtained following inhalation exposure. This suggests 
that the ar.idic environment of the Gl tract favors the hydrolysis to TDA. Biochemical characterization of the 
blood-associated radioactivity from these e,. . .-posures sho"ved that in the samples from rats dosed by inhalation, high 
molecular weight conjugates predominated whereas, low molecular weight products were increased in the samples from 
rats dosed orally (Kennedy, et a/., 1993). Jeffcoat ( 1985), modeled tbe reaction ofTDI with stomach contents in vitro and 
showed the rapid loss of the isocyanate group, again supporting rapid hydrolysis in tlus environment. 

Effect of Method of Administration on TDI Reactivity. The differences observed in TDI reactivity in vivo illustrate 
the importance of com:idering e>.rposure-related consequences not only for in vivo experiments but fv. f, vitro studies as 
well. As demonstrated with the RSA experiments, even a very similar overall adduct ratio does not reflect the differences 
in the stmcturc of the adducts or conjugates. The results presented in this comparative study of liquid and vapor 
modification of protein solutions showed that vapor phase modification slightly favors conjugate formation whereas 
production oflow molecular weight products was increased when the material was added as a liquid solution (Table \f!). 
Therefore, in studies wbcre the TDI is added as a neat liquid or dissolved in a solvent, the material tested and results 
ob:;erved may not be due to the isocyanate itself but ratl1er to other reaction products. For isocyanates and other reactive 
compounds, it is therefore essential to consider the effects of exposure method on the state of lhe coropo·und and effects 
produced. 
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